Acute pancreatitis (AP) is a disorder with a sudden onset that can present in mild edematous and severe necrotizing forms (50). Mild AP is usually self-limiting and is characterized by minimal or no distant organ dysfunction and an uncomplicated recovery. In contrast, severe necrotizing AP usually involves organ failure (pulmonary insufficiency, renal failure, shock, etc.), and local complications (such as infected necrosis, abscess, or pseudocyst formation). These complications of severe AP contribute to its high mortality and morbidity rates.
General Comments
Acute pancreatitis (AP) is a disorder with a sudden onset that can present in mild edematous and severe necrotizing forms (50) . Mild AP is usually self-limiting and is characterized by minimal or no distant organ dysfunction and an uncomplicated recovery. In contrast, severe necrotizing AP usually involves organ failure (pulmonary insufficiency, renal failure, shock, etc.), and local complications (such as infected necrosis, abscess, or pseudocyst formation). These complications of severe AP contribute to its high mortality and morbidity rates.
Despite intensive research, our understanding of the pathophysiology of AP is far from complete. Because it is generally not possible to obtain pancreatic tissue during the early stages of the clinical disease, most of our knowledge-base comes from studies using in vivo animal models of AP (2, 11, 56, 60, 68) . Nowadays, ex vivo models of AP are also becoming more widely used, especially for mechanistic studies. On the other hand, as AP is a systemic disease involving other organs besides the pancreas, the usefulness of ex vivo AP models is still limited and the preferred use of in vivo AP models in investigating AP is more than justified.
About 80% of human AP cases are related to either ethanol abuse or gall stone disease. However, the disease will develop in only a minority (≤10%) of individuals who either harbor gall stones or consume alcohol and there are no animal models of AP that can be induced by these conditions alone. Conversely most of the agents commonly used to induce experimental AP in animals do not induce pancreatitis in humans.
Necrotizing clinical AP is usually characterized by large, patchy areas of hemorrhagic necrosis of pancreatic and peripancreatic tissues (28, 29, 45) and it is not characterized by diffuse, homogeneous injury. The necrosis of severe clinical pancreatitis usually develops within the first 4 days after the onset of symptoms in humans, whereas infection of the necrotic pancreas develops most frequently in the second and third weeks after the onset of symptoms (4) . Actually, many of the deaths in necrotizing AP result from pancreatic infections, which are reported to occur in 30% to 70% of patients (5) . The incidence of infection correlates with the extent of intra-and extrapancreatic tissue necrosis. Rodents with necrotizing AP seem to be much more resistant to infections than are humans and considerable pancreatic infection rates are only reported for the invasive rodent AP models (70) .
With respect to treatment of the disease, researchers have often found that drugs which are beneficial in the treatment of rodent models of experimental pancreatitis fail to be effective in clinical trials. This may be because most treatment protocols in animals permit starting treatment before or very shortly after the induction of AP and, therefore, this does not resemble the clinical situation in which prophylactic therapy is only possible in cases of endoscopic retrograde cholangiopancreatography-induced AP.
It is likely that the rate of AP progression differs between experimental and clinical pancreatitis. Disease kinetics appears to depend on many parameters, including body mass and, while many patients with severe pancreatitis are also obese, most animal models of pancreatitis are based on the use of lean animals. At the time of emergency room presentation, which is usually 12-36 hours after the onset of symptoms, the clinical disease is usually already quite developed (11) . In contrast, pronounced pathology in some models [i.e. choline-deficient ethionine-supplemented (CDE)-diet, L-arginine] requires many hours to develop.
Despite these various potentially important differences between clinical and experimental pancreatitis, we have come a long way since the first experimental AP model (retrograde injection of bile and olive oil into the pancreatic duct of a dog) was described by Claude Bernard in 1856 (6). Since then, numerous AP models have been developed. In the past, large animals such as dogs and cats were commonly used in AP studies, but nowadays most investigations are performed on small animals, usually rats and mice. The latter species has become increasingly used due, primarily, to the availability of genetically modified mouse strains. Although the use of larger animals may present fewer technical limitations related to the size of the subjects [such as surgical or therapeutic interventions including intravenous (i.v.) administration of drugs and fluids], rodents are also utilized more commonly because of financial, ethical and practical reasons. Furthermore, in-bred strains of rodents are better standardized and the utilization of larger numbers of animals per group can improve the statistical power of the experiments. In this regard, the use of in-bred strains of rodents may offer distinct advantages over clinical studies since, in the latter case, it is often difficult to recruit and monitor a sufficiently large and homogeneous population of patients with which to evaluate the effects of therapeutic interventions.
Aims
The main aims of this review are to provide the reader with a general description of various commonly used in vivo rodent AP models, to discuss their strengths and weaknesses, and to discuss how the various models relate to human disease. In addition to this summary, we will make a number of "opinion-based" comments regarding the use of these models and the interpretation of the results obtained. We will suggest (a) which models are, in our opinion, most appropriate for addressing specific AP-related questions; (b) why we believe investigators should consider using more than one type of model for their studies; (c) how the severity of observed changes might best be quantitated; and (d) how discordant results obtained from studies employing more than one type of model might best be interpreted. Our review will focus entirely on issues related to nonalcohol related AP and we will not discuss models of alcohol-induced AP or models of chronic pancreatitis. In addition, we will not discuss issues related to hereditary pancreatitis, models of genetically-induced AP, and particularly those models that have only recently been described and have not been extensively used or validated. Our review will focus on in vivo models but, since most of the commonly used in vivo models can be replicated for ex vivo use, we will also briefly discuss some of these ex vivo systems.
Types of Models
The ideal experimental AP model would be technically simple to create, minimally invasive, reproducible, well characterized, inexpensive and resemble the human disease with respect to its triggering event, pathologic morphology, pathophysiology, disease course and response to treatment (20) . Needless to say, none of the existing AP models fulfills all of these criteria. Therefore, it is not surprising that none of the pancreatitis models is universally used and that the pathophysiology of AP still remains poorly understood.
Noninvasive Models of Acute Pancreatitis
In general, noninvasive AP models are relatively simple and inexpensive to create and, therefore, their use has become quite popular. However, none of them are relevant to the human disease with respect to their etiology (i.e. their triggering event). Here, the most commonly used noninvasive models induced by (a) supramaximal stimulation with secretagogues, (b) feeding a CDE diet, and (c) administration of basic amino acids will be discussed in detail.
Secretagogue-induced models
Cerulein is a more stable analog of the gastrointestinal secretagogue hormone cholecystokinin (CCK). In maximally stimulating concentrations, cerulein or CCK causes the release of digestive enzymes from pancreatic acinar cells (59) . However, as initially shown by Lampel and Kern (31) , in higher, supramaximally stimulating concentrations, CCK or cerulein inhibit digestive enzyme secretion, cause premature intrapancreatic proteolytic enzyme activation, and induce AP. In rats, cerulein causes mild edematous AP (31) , but in mice, it causes more severe, necrotizing AP (43) . In both species, the disease is transient and self-limited. Therefore, it is not surprising that mortality in cerulein-induced pancreatitis is non-existent in rats and negligible in mice. This may be due to a mild pulmonary injury in cerulein-induced AP which has been shown to resemble the early stages of adult respiratory distress syndrome in human AP (73) .
Cerulein can be administered parenterally via intraperitoneal (i.p.), i.v. or subcutaneous injections (37) . The i.v. route, which allows for continuous cerulein administration (at doses of 5-50 µg/kg/h), is thought to be the best way of administering the hormone to rats; however, it is not commonly used due to the requirement of central venous cannulation and anesthesia. For this reason, the cerulein-induced model is usually elicited by the i.p. or subcutaneous administration of several (4) (5) (6) (7) (8) (9) (10) (11) (12) hourly doses of the secretagogue. In rats and mice, pancreatic injury (as manifest by trypsinogen activation, nuclear factor-κB activation, and vacuole formation) evolves within an hour of the start of cerulein administration and the peak of histological changes (interstitial edema, inflammation, and acinar cell injury/death) is noted 3-6 hours after the start of secretagogue administration. By 24 hours after the start of supramaximal secretagogue stimulation, these changes begin to resolve, and one week later, the pancreas appears to be morphologically normal. The severity of the disease can be adjusted by varying the dose and number of cerulein injections. Similar to the clinical characteristics of human AP, the severity of cerulein-induced AP is more pronounced in aged mice, which exhibit higher mortality rates (47) . An advantage of using cerulein administration to animals to elicit AP is the fact that isolated acini can also be exposed to supramaximally stimulating concentrations of cerulein and, in this way, in vivo studies can be complemented by ex vivo studies under more completely controllable conditions. A similar secretagogue-induced model has been developed to induce moderate AP in rats employing a single i.p. injection of 25 to 250 µg/kg carbachol, a cholinergic agonist (9, 23) . This model leads to edematous pancreatitis characterized by hyperamylasemia and cellular injury. The animals also develop diarrhea and excessive lacrimation and salivation. At the higher doses (250 µg/kg) the rats die, presumably due to pulmonary edema. The pancreatitis induced by cholinergic agonists may be considered a model for the pancreatitis that results from scorpion venom (3, 65 
Choline-deficient ethionine-supplemented (CDE) diet-induced model
This model was originally described by Lombardi et al. (35) . It is the least invasive of all the AP models since it requires no injections and no anesthesia or surgery. In this model, young female mice are fed a choline-deficient diet that is supplemeted with 0.5% ethionine (CDE diet) and they develop acute hemorrhagic pancreatitis with fat necrosis that occurs throughout the peritoneal cavity. They also develop a poorly characterized but very prominent liver injury. Feeding only an ethionine-supplemented diet can lead to edematous pancreatitis (17) . The onset of CDE diet-induced AP is variable, but it usually takes approximately 2 to 3 days of diet administration for the disease to develop. Systemic effects such as acidosis, hypoxia and hypovolemia can also be observed. If the diet is fed ad libitum, it is usually lethal after 4 or 5 days of administration. Consumption of the CDE diet (and, thus, the severity of diet-induced pancreatitis) can vary considerably between groups of animals. Some mice would rather die than eat the CDE diet and this possible variability in CDE diet consumption can severely complicate the design of experiments. Careful record keeping and the use of large numbers of animals in each experimental group are important. Control and experimental groups of animals should be composed only of young, age-matched female mice given aliquots of the same CDE diet preparation and diet consumption should be controlled so that each animal consumes 3 g of diet/day. Because mice are frequently cannibalistic, animal mortality should be determined by counting the number of living mice at each time rather than counting the number of dead mice in each cage. The mortality of the model can be varied by changing the duration of CDE diet administration (44) . Gilliland and Steer (21) were able to reduce the severity of AP by modifying the feeding protocol. Homogeneity and reproducibility of CDE diet induced AP depend on controlling the sex, age, weight and CDE diet-intake of the mice. According to the most commonly used protocol, CD-1 female mice (11-13 g) are starved for 1 day (to promote subsequent CDE diet consumption), then fed 3 g/mouse of the CDE diet on each of the subsequent 3 days, and then fasted for another day before being placed back on a regular laboratory diet. Young mice are affected more severely than adult mice, and females more than males (36) . Estradiol-treatment of male mice sensitizes the animals to CDE diet-induced AP, so estrogens are likely to play an important role in the sex-specific nature of this model (55) . Systemic signs, such as ascites, hypovolemia, acidosis and hypoxia accompany the local pancreatic inflammation (44) . Unfortunately, the diet also affects the liver as well as the central nervous system and these non-pancreatic effects contribute to multiple organ failure and, eventually, to the death of the animals. Therefore, this model is not ideal for studying multiple organ distress syndromes because it can trigger those syndromes by mechanisms which are unrelated to the severity of AP. Another drawback of this model is that it elicits a severe disturbance of glucose metabolism (i.e. hypoglycemia) (71) . Also, despite the severe acinar necrosis, the incidence of pancreatic infection is low (i.e. 3 % in survivor and 8% in non-survivor mice) (57, 70) .
Acute pancreatitis induced by administration of basic amino acids
Whereas amino acids are essential components of the body, large i.p. doses of L-arginine (24, 40, 69) , L-ornithine (54) and L-lysine (8), but not Lhistidine (7) have been shown to induce severe acute necrotizing pancreatitis. Most commonly Larginine in doses of 2.5-5.0 g/kg are used to induce experimental AP in rats. Two i.p. doses of 2.5 g/kg given at an interval of one hour do not produce as severe AP as a single 5 g/kg dose. For a long time, it was thought that this model of experimental pancreatitis could only be elicited in rats, but recently Dawra et al. (14, 16) have shown that using even higher L-arginine doses (2x4 g/kg) can also induce AP in mice. In the case of L-lysine, the disease evolves with the formation of vesicular structures, recently identified as damaged mitochondria (8), within pancreatic acinar cells. Pancreatic edema and necrosis followed by inflammation has been observed in this model and peripancreatic necrosis as well as ascites can also be observed, but hemorrhage is not a typical feature of this model. Basic amino acids induce selective acinar cell damage without any apparent effect on duct and islet cells. Thus, the basic amino acid-induced models seem to morphologically resemble human necrotizing pancreatitis in which, as noted by Kovalska et al. (30) , nerves, major ducts and islets are not markedly affected. One important drawback of the basic amino acid-induced models is that extrapancreatic complications (such as pulmonary insufficiency) due to AP are mild in these models (e.g. see 20) . For this reason, these models are not suitable for studies focused on the pathophysiology of extrapancreatic AP-associated events. This may also explain the low mortality in this model. In mice, the effective and toxic/lethal doses of basic amino acids are very close to each other and toxicity, which is frequently lethal, is most likely to be due to metabolic effects of the basic amino acids themselves rather than to the associated AP. Rats and mice become lethargic soon after the i.p. injection of amino acids and it takes several hours for the animals to recover from this phase. The mortality associated with the L-arginine model in mice has been reported to be 5-7% (16) . I.p. administration of more than 5 g/kg L-arginine, 3 g/kg L-ornithine or 2 g/kg L-lysine causes high mortality that occurs very shortly after the basic amino acid injection in rats, independent of AP. Notably, sensitivity of rats to basic amino acids seems to be strain-and age-specific andwith the exception of L-arginine -it is difficult to obtain a graded response. Bohus et al. (10) found a subset of Sprague-Dawley rats that responded weakly to the injection of 4 g/kg L-arginine. Similarly, we found that this also occurred with the i.p. administration of 2 g/kg L-lysine (8).
As with many AP models, the clinical relevance of basic amino acid-induced pancreatic injury remains questionable. Saka et al. (58) reported a 16-year-old male patient who was suspected to have arginine-induced AP after taking 500 mg arginine a day for 5 months. However, this is not a very high dose and the route of intake was oral, not i.p. Rats that (accidentally) receive the Larginine injection into their bowels do not develop AP. Therefore, we believe that arginine intake was unlikely the cause of AP in this patient.
Invasive Models of Acute Pancreatitis
The most commonly used invasive AP models build upon the "common channel theory" first proposed by Opie in 1901 (48) . According to Opie's theory, when a gallstone is impacted in the papilla of Vater (at the end of the common biliopancreatic channel), it can create a common channel up-stream to the impacted stone and, as a result, bile can retrogradely flow into the pancreatic duct and initiate AP. However, there are numerous arguments against this theory (67) . Among these objections is the fact that, in many individuals, the common channel is so short that a gallstone (or the edema around a stone) impacted in the papilla of Vater would also obstruct the pancreatic duct and that phenomenon would prevent the outflow of pancreatic juice from the pancreatic duct. However, it would also prevent bile reflux into the pancreatic duct. Another objection frequently raised regarding the common channel theory is that pancreatic duct pressure normally exceeds bile duct pressure, so in cases of stone-induced distal obstruction, pancreatic juice would be expected to reflux into the bile duct while bile reflux into the pancreatic duct would likely be prevented. However, perhaps the most compelling of the objections to the common channel theory is the fact that perfusion of the pancreatic duct with bile, under normal pressures, does not cause pancreatic damage unless ductal pressure is also increased. In spite of these various objections, the so-called "common channel theory" continues to be an attractive explanation for the frequently noted association between biliary tract stone passage and the onset of acute biliary pancreatitis.
Besides their attractive feature of possibly mimicking the triggering event of human biliary pancreatitis, the invasive AP models require anesthesia of the animal which, by itself can also be challenging. Also postoperative problems, such as infections and difficulties in maintaining nutrition, can make the interpretation of results difficult.
Retrograde ductal infusion
The retrograde infusion of substances (e.g. bile acids, enterokinase, trypsin) intro the pancreatic duct of an animal via the ampulla of Vater is known to induce pancreatic inflammation. In fact, AP is also observed in about 5% of cases after the retrograde infusion of an X-ray contrast material used for endoscopic retrograde cholangiopancreatography in humans (64) .
One of the most commonly used retrograde ductal infusion protocols was that described by Aho et al. (1) in rats. Their model uses 3 to 5% sodium taurocholate (1 ml/kg) which is infused at a rate of 0.1 ml/min. Sodium bile salts used by others include glycodeoxycholate, taurodeoxycholate, chenodeoxycholate and taurolithocholic acid 3-sulfate. Recently, the retrograde ductal infusion technique has also been adapted for mice (32, 52, 72, 74, 76) . In either rats or mice, the severity of the disease can be controlled by altering the concentration, volume and infusion pressure of the injected bile acid. Administration of 3% sodium taurocholate causes mild pancreatitis with no mortality over 72 hours, 5% sodium taurocholate causes a more severe disease and a higher mortality. The disease induced by retrograde ductal bile acid infusion is also associated with extrapancreatic organ involvement but, unfortunately, creation of the model requires both anesthesia and a surgical procedure and that may make interpretation of its extrapancreatic effects very difficult. This is particularly true when studies are designed to evaluate acute lung injury after induction of pancreatitis by retrograde bile acid infusion into the pancreatic duct. Unlike the noninvasive necrotizing AP models, secondary pancreatic infections are more common following retrograde duct infusion. However, this higher infection rate may, at least partly, be the result of exogenously introduced organisms.
Technically, it is difficult to control for constant pressure of infusion and hence to produce a standard degree of pancreatic injury. Use of pumps makes the procedure more controllable/standardized. Uncontrolled pressurerelated pancreatic damage should be avoided as it causes variation in the severity of AP. The retrograde ductal injection of substances such as bile acids will result in AP with a focal distribution mainly affecting the pancreatic head, but not the tail (32) . This must always be kept in mind when sampling the pancreatic tissue for analysis. On the other hand, the disease that does develop in this model tends to have a patchy, nonhomogeneous distribution throughout the affected portion of the gland which is similar to that seen in humans with AP.
In general, retrograde ductal infusion-induced pancreatitis is elicited in anesthetized rodents via a small laparotomy and transduodenal, transpapillary, cannulation of the pancreaticobiliary ductal system. After low pressure infusion of a solution containing selected bile acids or other suspected pancreaticotoxic agents, the cannula is removed and the animal allowed to recover. Control animals undergo infusion with only saline and this elicits only mild and transient pancreatic edema which resolves, entirely, within 24 hours. Pancreatitis, when it develops following bile acid infusion, usually evolves slowly and reaches its peak severity over the initial 12-24 hours. It is characterized by patchy pancreatic injury/necrosis, pancreatic inflammation, pancreatic edema, and intrapancreatic activation of digestive enzyme zymogens. Left untreated, bile acid infusioninduced pancreatitis in rodents resolves spontaneously over the subsequent week and, thereafter, the pancreas appears morphologically normal.
Schmidt et al. (61) modified the rat duct infusion model by combining the short-term pressure and volume-controlled retrograde injection of low concentrations (5-10 mM) of sodium glycodeoxycholic acid with the i.v. infusion of cerulein (5 μg/kg/h for 6 h). This so-called "Boston Model" is thought to resemble human necrotizing AP in many ways including the fact that it triggers both local and systemic changes (20) . However, the triggering event does not resemble human AP.
Recent advances in the research of biliary AP models was reviewed by Wan et al. (72) . One potentially important study in this field demonstrated that biliary AP may be a receptormediated disease (51) . The G protein-coupled bile acid receptor-1 (Gpbar1) is expressed in the apical membrane of acinar cells. Its genetic deletion significantly reduces biliary, but not secretagogue-induced experimental AP (51).
Closed duodenal loop
The closed duodenal loop model was originally described by Pfeffer et al. (53) in dogs. In this model, the duodenum is obstructed by the placement of two ligatures, one just beyond the pylorus and the second placed just beyond the point of bilio-pancreatic inflow. This creates a closed intestinal segment that communicates with the biliopancreatic duct. Bile is excluded by ligating the biliary duct and gastric outflow is reestablished by constructing a gastrojejunostomy. Closing the duodenal lumen both proximal and distal to the papilla of Vater will result in the reflux of duodenal contents into the biliopancreatic duct and this will cause AP. Acute pancreatitis induced using this approach is quite variable and difficult to control. Most investigators note that given the pancreatic necrosis, inflammation is mild.
The closed duodenal loop technique has also been adapted for rats by Nevalainen and Seppä (42) . In their model, an intraduodenal tube was placed into the lumen of the intestine, prior to its ligation, to maintain duodenal continuity. Within 24 hours, a variable degree of hemorrhagic AP is observed. Increased serum amylase activity, pancreatic edema, acinar cell necrosis, and haemorrhage as well as intra-abdominal fat necrosis, and the accumulation of ascitic fluid containing high activity of amylase is detected. Chetty et al. (12) modified the latter model by instilling infected bile into the closed duodenal loop under pressure and this resulted in a more reproducible AP. Orda et al. (49) injected a combination of sodium taurocholate and trypsin into the permanently occluded duodenal loop, and this resulted in a mortality of 45% within one week. Dickson et al. (18) analyzed three closed duodenal loop model variants both histologically and bacteriologically. Histological studies showed that the resulting AP is usually mild to moderate and it is severe only in association with sepsis. Bacteriological studies revealed gross infection as a major complication. Interestingly, in the closed duodenal loop model, pancreatic necrosis is not necessary for infection to occur (70) . This and other observations made with the closed duodenal loop model have suggested, to many, that the major cause of injury in this model may be ischemic necrosis of the duodenum rather that primary AP and the closed duodenal loop model is rarely used by investigators currently.
Duct obstruction/ligation
Interestingly, simple ligation of the pancreatic duct does not usually induce severe AP in most animals.
The major exception to this generalization seems to be the American opossum (62). Short-term obstruction of the rat pancreatic duct results in mild interstitial pancreatic edema and hyperamylasemia (46) while longer exposure to ligation results in atrophy of the rat exocrine pancreas with very mild or no inflammation (13) . However, combining duct obstruction with stimulation of pancreatic secretion can induce AP in rats.
The biliopancreatic ductal system of the opossum resembles that of humans -i.e. the biliary and pancreatic ducts merge several cm before the combined duct opens into the duodenum. Duct ligation in the opossum causes severe necrotizing hemorrhagic AP which evolves over a period of several days. This pancreatitis is also associated with lung injury (34, 62) . All of the animals die within 14 days after ligation. Experiments performed in American opossums suggest that bile may not be necessary to induce AP, since the obstruction of the separate pancreatic duct produces pancreatitis which is similar in severity compared to that which is seen after simple ligation of the combined biliopancreatic duct (34) . Unfortunately, the opossum model has several limitations which are mainly related to the animals being studied (66) . The opossums used for these experiments are wild and they are collected from the wilderness. They are difficult to maintain and handle; of course this also means that the animals are not inbred and, as a result, there are large inter-animal variations of results. The animals also need to be preconditioned prior to their use for experiments since they are under considerable stress while in the early days of captivity. Opossums are often infected with parasites and thus require anti-helminthic treatment. Furthermore, since they frequently acquire acute bacterial endocarditis in captivity, they should be given prophylactic antibiotics before use. Because of the difficulties involved in obtaining, handling, and caring for opossums as well as the considerable animal-to-animal variations in results, the opossum model of duct ligationinduced pancreatitis is, currently, only infrequently used.
Choosing the "Best" Model of Acute Pancreatitis Basic Requirements: Cost and Severity
Clinical material including pancreatic tissue is rarely available for study during the early phases of AP. Therefore, most investigations focused on mechanistic issues related to AP must be performed using animal as well as ex-vivo models of the disease. The two basic requirements of a useful animal model of AP are both pragmatically based -most of the commonly used pancreatitis models are (a) elicited in rodents (rats and mice) which are cheap, easy to handle, readily available, and subject to genetic manipulation; and (b) characterized by moderate to severe degrees of pancreatic injury. As noted earlier in this review, the severe form of clinical AP is responsible for almost all of the clinical pancreatitis-related morbidity and mortality while mild clinical pancreatitis is, by and large, a transient and self-limited disease with little or no morbidity or mortality.
The Good and the Bad about Rodent Models of Acute Pancreatitis
The four most frequently utilized types of rodent AP models are (a) the CDE diet-induced model; (b) the basic amino acid-induced models; (c) the secretagogue (cerulein)-induced models; and (d) the retrograde duct infusion models. We will discuss the relative merits of these four types of models and identify those that are best suited for use in studies probing basic issues related to AP. In this discussion, we will evaluate these models in terms of 8 separate criteria which, in our opinion, would each have an important impact on the overall value and utility of the models. Those criteria (Table 1 ) are as follows: 1. Is the pancreatitis-triggering event in the model similar to the event(s) believed to trigger clinical AP (i.e. passage of biliary tract stones, abuse of ethanol, exposure to certain drugs, expression of certain mutated genes, performance of endoscopic retrograde cholangiopancreatography, etc.)? 2. Do the pathologic changes elicited in the model replicate those that are noted in clinical pancreatitis (i.e. is the distribution of pancreatic injury lobular and patchy as it is in clinical AP or is it diffuse and homogeneous throughout the gland)? 3. Is the severity of pancreatic injury/inflammation controllable by the investigator and is the magnitude of pancreatic injury significant so that increases or decreases in response to experimental interventions can be identified? 4. Is the model associated with significant systemic toxicity caused by the eliciting event(s) which could confound the interpretation of specific intrapancreatic and systemic changes associated with the model? 5. Is the magnitude of lethality in the model controllable by the investigator so that changes resulting from specific interventions can be detected and statistically evaluated? 6. Can the model be elicited in mice so that the many mouse knock-out or otherwise genetically modified strains can be used in mechanistic studies? 7. Is there an ex vivo correlate of the model so that in vitro studies can be performed under conditions which are more controllable than those present when only in vivo studies are possible? 8. Does the model require surgery (which may be difficult) or anesthesia (which may, itself, trigger a variety of non-specific systemic changes thus complicating data interpretation and limiting the types of studies which are possible).
Strengths and Weaknesses of Individual Models
The results of our "model comparison" in terms of these criteria can be summarized as follows (see Table 1 ):
CDE diet model in mice
The major strengths of this model are its ability to be induced in mice, thus enabling the use of genetically modified mouse strains, and the fact that it is a non-invasive model which requires neither anesthesia nor a surgical procedure. Unfortunately, these attractive features are more than offset by a number of weaknesses. These include the fact that (a) ingestion of the CDE diet is not clinically associated with the triggering of clinical AP; (b) CDE diet-induced pancreatic injury in mice is diffuse rather than lobular or patchy as is the case in clinical pancreatitis; and (c) there is no ex vivo correlate for this in vivo model. An even more critical flaw in this model is the fact that CDE diet-induced pancreatitis in mice has a severity which is highly dependent upon the age, sex, and size of the mouse and closely related to the amount of the CDE diet ingested as well as the duration of diet administration. To adjust for these animal-to-animal causes of varied pancreatitis severity, the investigator is forced to use large numbers of age and sex-matched mice, each simultaneously exposed to a standard amount of the same CDE diet preparation. This can be extremely cumbersome even when only wild type animals are being used and can represent an insurmountable obstacle when genetically modified mice are being used. Another critical flaw of the CDE diet induced model results from the fact that the diet is associated with the induction of severe and uncontrollable nonpancreatic injury (primarily central nervous system injury and severe liver toxicity) which probably account for most of the diet-induced mortality of this model. These non-pancreatitic injuries also preclude the use of this model for studies focused on quantitation of pancreatitis-associated systemic phenomena such as pancreatitisassociated lung and/or renal injury.
Basic amino acid (L-arginine)-induced model in mice and rats
Like the CDE diet-induced model, the models of AP induced by administration of basic amino acids such as arginine are attractive because they are non-invasive and, therefore, do not require anesthesia or performance of a surgical procedure. At least in the case of L-arginine, this form of pancreatitis can be elicited in mice, thus enabling the use of genetically modified animals. However, in mice there is a very narrow margin of error when arginine is used -i.e. the dose required to elicit pancreatic injury is only slightly less than the toxic dose for mice and, as a result, control arginine-treated groups of animals are needed to establish the fact that otherwise untreated animals do, in fact, manifest non-lethal pancreatic injury. Other possible flaws in the Larginine-induced models include the generalized, as opposed to patchy, distribution of pancreatic injury and the systemic toxicity of pancreatitiseliciting doses of the basic amino acid which may preclude the use of this model in studies designed to explore issues related to systemic events (e.g. lung injury) in AP. Clearly, although exposure of acini to toxic concentrations of L-arginine results in cell damage (25) , this is not a likely triggering event in clinical pancreatitis. However, recent in vitro studies by our group (8) indicate that basic amino acids such as L-lysine can elicit mitochondrial injury in acinar cells which is known to be an early event in secretagogue-induced and bile acid-induced pancreatitis. Thus, in this regard, the basic amino acid-induced model may, in fact, be triggered by a clinically relevant mechanism (i.e. mitochondrial injury) but further studies will be needed to establish this.
Cerulein models in rats and mice
These models are elicited by administration of supramaximally stimulating doses of the pancreatic secretagogue CCK or its analog cerulein. They are attractive models for a number of reasons including the fact that they are associated with easily controllable and reproducible AP severity with no systemic toxicity or uncontrollable lethality. In addition, they are non-invasive in the sense that they require no anesthesia or surgical procedure and, as a result, they are ideally suited for studies exploring systemic events that occur during or after the onset of pancreatitis. They can be used with genetically engineered mice and ex vivo studies exploring the effects of supramaximal secretagogue stimulation on isolated acinar cells are easily performed. The major flaws of these models, however, are (a) the fact that they are elicited by an event (supramaximal secretagoguestimulation) which is unlikely to contribute to the onset of clinical pancreatitis and (b) the observation that CCK or cerulein-induced pancreatitis is characterized by diffuse, homogeneous evidence of pancreatic injury rather than the patchy pancreatic injury which typifies clinical pancreatitis.
Retrograde bile acid infusion into the pancreatic duct of rats or mice
These models have, in the past, been extensively used with rats or larger animals but, as recently shown by our group (32), they can also be modified for use with mice. The most attractive features of these models are (a) the fact that their induction mimics an event (i.e. bile acid reflux into the pancreatic duct) which has been proposed to be the mechanism which triggers the most common form of clinical, non-alcohol related AP (i.e. biliary pancreatitis) and (b) the fact that the pancreatic injury which occurs in these models has a patchy or lobular distribution which closely resembles the distribution of pancreatic injury that is noted in clinical pancreatitis. Other attractive features of these models include their easily controllable and reproducible severity (especially in mice) and the fact that they are not associated with systemic toxicity or uncontrollable lethality. In addition, ex vivo studies in which isolated acini are exposed to bile acids can easily be performed and, thus, the potential mechanisms by which bile acids trigger pancreatic injury and pancreatitis in vivo can be explored under more controllable ex vivo conditions. The major weakness of these models, however, stems from the fact that they require anesthesia and a laparotomy for their induction. In mice, that may be difficult but, in both mice and rats, it limits the utility of these models because the pulmonary and other systemic effects of anesthesia and a laparotomy make it difficult, if not impossible, to isolate the effects of AP from the effects of the surgery on these changes.
Quantitating the Severity of Rodent Experimental Acute Pancreatitis
It is often critical that the experimentalist be able to reliably quantitate both the severity of the model being employed and the response of that severity to experimental manipulation. Each of the models is characterized by hyperamylasemia/hyperlipasemia, pancreatic edema, intrapancreatic activation of digestive enzyme zymogens, pancreatic inflammation, and morphological changes suggestive of acinar cell injury/death. Hyperenzymemia can be easily quantitated by measuring the activity of amylase and/or lipase in circulating blood. While it is standard practice to demonstrate that the model being used results in elevated serum amylase and/or lipase activity, the magnitude of that hyperenzymemia is not believed to be an indicator of pancreatitis severity.
The other characteristics of AP mentioned above are believed to be individual and separable indicators of pancreatitis severity although, to some degree, they may be inter-observer dependent.
In our opinion, they should be separately measured and reported. Grading them on a 1-4+ scale and combining those scores to calculate a so-called "pancreatitis severity score" may, we believe, be misleading because it presumes that the individual parameters of AP severity are interchangeable (e.g., that 1 unit of pancreatic inflammation is equal to 1 unit of pancreatic edema or 1 unit of acinar cell injury/death). Pancreatic edema can be objectively quantitated by measuring pancreatic water content [i.e. (wet weight minus dry weight) divided by wet weight] (22) although some investigators chose to quantitate edema morphologically, grading it as being 1-4+.
We favor the former method because, in our opinion, it is more objective. Intrapancreatic zymogen activation can be fluorimetrically quantitated by measuring trypsin and/or chymotrypsin activity in pancreas homogenates using enzyme-specific fluorescent substrates (22, 26) while pancreatic inflammation can be quantitated by measuring the myeloperoxidase activity in pancreas homogenates (15) . Some investigators have preferred to monitor inflammation morphologically by quantitating inflammatory cells within pancreas tissue samples. Because of its ease and, in our opinion, greater reliability, we prefer the former method for quantitation of pancreatic inflammation. Acinar cell injury/death is conventionally monitored morphometrically in tissue samples of unknown identity (i.e. in a "blinded" fashion), by quantitating the fraction of acinar cells which appear to be injured or dead (27) but it is important to recognize that morphological distinction between injured and dead acinar cells is usually not possible.
The Best Model to Use May Depend Upon the Questions Being Asked
None of the rodent models of AP is perfect and each has its own strengths/weaknesses. In our opinion, the best models for studies probing the very early pancreatic cell biological mechanisms responsible for the triggering of AP are those models that are elicited by retrograde ductal infusion of bile acids in mice or rats. That judgment is based on the belief that those models are (a) triggered by a mechanism which may also be relevant to the triggering of clinical pancreatitis and (b) characterized by a distribution of pancreatic changes that resembles the distribution observed in clinical pancreatitis (i.e. patchy rather than homogeneous and diffuse). On the other hand, for studies focused on the more down-stream pancreatic events that might be expected to be similar regardless of the initial, triggering events, we believe that it would be appropriate to also employ the cerulein-induced models and/or the basic amino acid-induced models. We also believe that, because of their ease of use, non-invasive induction, and lack of systemic toxicity, the cerulein-induced models are those which are most appropriate for studies focused on non-pancreas related events associated with pancreatitis such as acute lung injury or the systemic inflammatory response syndrome (63, 75) . While inducing either mild (rat) or severe (mouse) pancreatitis, these ceruleininduced models avoid the need for anesthesia and a surgical procedure which could confound the results by causing pulmonary and systemic changes even in the absence of AP. In our opinion there is little or no on-going justification for the use, in pancreatitis-related studies, of (a) the CDE diet induced model; (b) the pancreatic duct obstruction models; or (c) the closed duodenal loop model.
The Value of Performing Studies Using More Than One Rodent Model of Acute Pancreatitis and Interpretation of Discordant Results
Many, but certainly not all, of the AP-related studies reported to date have been performed using 2 or more experimental models of and, for the most part, the results obtained when multiple models have been tested have been consistenti.e. identical interventions in different models have resulted in similar changes in pancreatitis severity. This has generally been interpreted as indicating that the phenomena being studied are relevant to the general issue of AP rather than being idiosyncratic manifestations of modelspecific phenomena. Recently, however, a series of studies using 2 different mouse models of AP (i.e. the mouse cerulein-induced model and the mouse duct infusion-induced model) were reported that evaluated the effects, on pancreatitis severity, of 2 interventions --genetic deletion and pharmacological inhibition of Protease-Activated Receptor-2 (PAR2). The studies showed that genetic deletion or pharmacological inhibition of PAR2 had dramatically different effects on the severity of the 2 models -i.e. they worsened the severity of cerulein-induced pancreatitis but they lessened the severity of duct infusion-induced pancreatitis (33, 38) . These unexpected and surprising results indicating that PAR2 exerts model-specific effects on the severity of AP were interpreted to indicate that the severity of the two models are differentially regulated by one or more PAR2-sensitive mechanisms. In addition to demonstrating the value of performing pancreatitis studies using 2 or more dissimilar models of the disease, these studies also raised an additional important question, how should the investigator interpret the relevance of results to the clinical situation when studies using multiple models yield discordant results? When and if this should occur, we believe that the guide to clinical relevance should be the model which most closely resembles clinical pancreatitis. In this case, the duct infusion-induced model because (a) in contrast to cerulein-induced pancreatitis, it is triggered by a mechanism which may replicate the events that trigger clinical pancreatitis and (b) it is characterized by a distribution of pancreatic injury which is similar to the clinical pathology (i.e. variable and patchy) whereas, in cerulein-induced AP, pancreatic injury is diffuse and homogeneous.
